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VIBRATION TESTING

COST-EFFECTIVELY EXCITING VIBRATION FAILURE MODES
FOR LONG-TIME RELIABILITY DEMONSTRATIONS

Wayne Tustin
Tustin Institute of Technology, Inc.
Santa Barbara, California

emphasized.

The principal purpose of this paper is to review various methods
for inducing vibration failure modes.

Cost-effective methods are

In-flight vibration and noise aboard
high-performance military aircraft are
known to reduce the reliability of

avionics units within the aircraft, &

externally-carried weapons and stores.

Relatively ancient reliability-demonstra-
tion tests which incorporated sinusoidal
vibration testing have resulted in mean
times between failure (MTBF's) far supe-
rior to in-service experience._  Optimism
factors range as high as 20:1.

Many authorities feel that random vibra-
tion is far superior to sinusoidal vibra-
tion for simulating the effects of in-
flight vibration.[?] Certain modes of
vibration-induced failure, found in
flight and in random vibration testing,
never appear with sinusoidal vibration.

Certain authoritieéalfeel that vibration
and other harmful environments should
not be applied sequentially, but rather
simultaneously. A mild form of combined-
environment testing was required by
MIL-5TD-781, ~-781A and -781B. Much more
vigorous vibration, in many cases random,
is required by MIL-STD-781Cl*) etc. The
amount of combined-environment relia-
bility testing being done today is still
rather small, but results are highly
encouraging. Laboratory failure modes
closely resemble in-flight failure modes,
Laboratory MTBF's closely approximate
in-service MTBF's.[%]

[
Other authorities feel that laboratory L
attempts to simulate in-flight vibration
by means of shakers (of any type, uti-
lizing either sine or random forcing)
are doomed to failure. They feel that
reliability-demonstration and other
dynamics testing should incorporate
intense-noise acoustic forcing..®

In view of these and related controver-
sies, it seems appropriate to review
the different methods of inducing
vibration failure modes. Individuals
who argue test methods and applications
can at least agree on descriptions of
test machines. A brief history of the
development of today's shaker systems
may interest newcomers to the field

and help them to understand today's
test equipment and methods. The advan-
tages and disadvantages of each method
will be examined. Costs are given some
consideration.

MECHANICAL SHAKERS Nearly all shakers
(except for calibration) used during
the 'forties and the early 'fifties

for the nominally-sinusoidal tests of
the era were mechanical. Designers
attempted to create pure sinusoidal
motion but unavoidable loosenees, gear
drives and bearings introduced consider-
able distortion. The upper frequency
limit was 100 Hz.
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At that time the principal advantages
of mechanical shakers were that they:

. (1) were cheap to build,

(2) used design technology available
n at that time,

a (3) were highly reliable,

g

(4) had large tables for mounting
test items, and

T

o (5) easily supported test items with-
I out any external springs.

' Advantage (3) is most important for long-
' time reliability demonstrations. Neither
of the other types of shakers (electro-
hydraulic or electromagnetic), discussed
later, while widely used today in aero-
space testing laboratories, has achieved
the reliability needed for long-time
reliability-demonstration testing.

Advantage (1) is still important, par-
ticularly when one considers the great
increase in the amount of random vibra-
tion testing which will be required.

Figure 1. Concept of simplest type shaker

The earliest practical vibration gener-
ators were simple "brute force" or
"direct drive” machines, as suggested
by Figure 1. Variable-ratio pulleys
give variable shaft speed. Shaft
rotation is converted by a cam or yoke
to variable-forcing-frequency fg recip-
rocating motion of a shaft attached to
a table. Items to be tested are attach-
ed to the table. f¢ can be adjusted
during a test, but resetting the peak-
to-peak displacement or stroke D
requires interrupting the test. Gen-
erated force F may be calculated by

F = MA, where M is the total mass of
vibrating parts (load + any attachment
fixture + table) and A is the maximum
acceleration. 1If the total mass M is
too great, F may exceed the shaker's
strength limitations, causing damage

to the shaker.

M DI A S S S e e et

With other types of shakers discussed
later, vibratory force F is limited.
The available acceleration A varies
inversely with the total mass M, as

Several advantages were gained by the
added sophistication of the "reaction
type" shakers suggested by Figure 2.
Contra~rotating masses, locked together
in phase, spin at the adjustable forc-
ing frequency ff. Most such shakers
must be stopped in order to readjust
the unbalance masses for a different
vibration intensity.

TEST ITEM SRR

[ TvaBLE |

BASE Lo

Pigure 2. Concept of improved "reaction" shaker

Reaction shakers cost more than do
direct drive shakers, but generally go
to higher frequencies with a cleaner
waveform having less "hash" and less
harmonic distortion. Further, in-
stallation is eased because only

small reaction vibratory forces pass
through the base. By contrast, most
direct-drive shakers are attached to
heavy reaction masses in turn supported
by rubber or springs.

A number of shakers of various types
have been designed to fit environmental
chambers in order to permit combined
environmental tests.[’]These have mainly
been mechanical shakers, not only the
least expensive but also the only type
capable of operating for hundreds of
hours without failure. These superior-
ities are encouraging the development
of inexpensive, reliable, large-table
mechanical shakers capable of a form

of vibration that at least approaches
the broad, continuous spectrum (and
Gaussian amplitude probability density)
random vibration required by many test
specifications, current and near future.
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The "Rotocon® shaker(® ’lfeatures a
series of hammers attached to a 3 000
rev/min rotating element. These hammers
strike an anvil, to which is attached
the test item. The resulting force and
motion have a line spectrum, a line
every 50 Hz (as opposed to a continuous
spectrum) to 10 000 Hz.

Marshall“olhas described a machine with
a number of unbalanced rotating masses,
the f¢ of each being tuned to produce a
line spectrum at approximately l1/3-octave
intervals. His goal is the simultaneous
excitation of all test item resonances.
He is not attempting to produce Gaussian
distribution, but rather a collection of
simultaneous sinusoids.

Hubbaréll]describes a mechanical random
vibrator attached to the underside of a
table which can form the vibrating floor
of an environmental chamber, much as MIL-
STD-781 combined-environmental tests are
now being run. The vibrator employs a
"wobble plate"” and hammer assembly that
apply vertical impacts against an anvil
plate. Motor speed and point of impact
vary continually, producing 2g RMS into
a 500 pound load, and as much as 10g into
lighter loads. The spectrum is by no
means flat, but it does appear to be
continuous from perhaps 50 to 5000 Hz,
with most energy between 300 and 3 500 Hz.
The amplitude distribution appears rather
Gaussian. Motion of the large table
surface generates considerable noise
pollution, as much as 90 dBA for 3y RMS
and over 110 dBA for 105 RMS, at 3 feet
distance. This is not troublesome when
the shaker is used with a chamber. Cost
of the entire shaker and controls is said
to be under $10,000.

Klass“]reported a rumor that Hughes
Aircraft (Culver City) had devised a
low-cost modification to sinusoidal
mechanical shakers, attaching one or

I AL A e

more drums partially filled with ball
bearings between shaker and load.
However, the writer understands the
Hughes efforts more closely resemble
those of General Dynamics (Pomona)[2!],
discussed later, which employ pneumatic
vibrators,

One significant disadvantage of mechan-
ical shakers is that they lack "feed-
back loops" (as with electrohydraulic
and electromagnetic shakers). Thus
loads on mechanical shakers can and do
affect their own vibration environment.
This is a difficulty only when one
attempts to meet the usual present-day
constant-motion MIL-type test specifi-
cations and standards. In a sense, this
lack is an advantage, when one reflects
that loads mounted in aircraft, on ships
etc. clearly affect their own vibration
environments.

ELECTROHYDRAULIC SHAKER The tremendous
dynamic force that is available from
hydraulic actuators, makes these very
attractive for generating vibratory
force and motion. This dynamic force
became available for vibration testing
in the mid-fifties when actuators were
first combined with fast-acting elec~-
tronic servo valves. Figure 3 suggests
the major elements of a complete system.
The "input" signal here is taken from a
signal oscillator for nominally-
sinusoidal vibration testing. However,
it can also be taken from a tape play-
back[!?]in order to reproduce (in the
laboratory) some previously-recorded
vibration. It can also be taken from

a noise generator in order to synthesize
random vibration.[!3] Either line or
continuous vibration spectra can be
generatedqd.

oITHER ACTUATOR

POSITION
OSCILLATOR CONTROL

DC POWER
supLY

HYDRAULKC
POWER
SuerLy

SIGNAL
OSCILLATOR

POWER SPOOL POSITION FEEDSACK

SERVO VALVE m

ELECTRO
ovnamic | Mot |rowe] ] wrorauuc
prver | SPOOL | spOOL ACTUATOR

.

EXCITER

beccccnncecipecccnantbacad

ACTUATOR ACTUATOR POSITION FEEDRACK

POSITION

Figure 3. Major elements of electrohydraulic
ghaker system
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Figure 4 shows a load or test item
attached via a table (not always pro-
vided) to the shaker's piston. gh
pressure oil, typically 2000 1lb/in

net, is valved alternately to the two
sides of the piston. This valving is
accomplished by an electromagnetic
(electrodynamic) driver unit which in
principle resembles a loudspeaker, and
a power valve or "hydraulic amplifier."
Typical piston strokes D are 4 to 6
inches, although some (mainly intended
for higher-frequency testing to perhaps
200 Hz) are 1 inch or less. One manu-
facturer claims 2 000 Hz capability.

The maximum D known to the author is

20 feet.[!*] The low-frequency limit of
electrohydraulic shakers is usually

zZero.
“\g;:'“\g?y

M/ .7
\\u\\ M §J

ELECTRO-
MAGHETIC
oRIVER

riLoT
vALvE

FEEDRACK
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TRANSOUCER

A
/
'/1.\\—-\- \\--\[ ’ \’/<(’/

»IAW/M/’/////////////,\\

ACTUATOR

Figure 4. Electrohydraulic shaker construction

Force and acceleration are limited

by pressure and piston area. Still
another limitation, peak or vector
velocity, must be considered; it may
be caused by insufficient hydraulic
supply flow or by insufficient opening
of the power valve.

Waveforms are generally considered to be
better than with mechanical shakers but
are not as "clean" as with the electro-
magnetic shakers to be discussed below.

As generated force is usually many times
greater than shaker mass, the shaker must
be "backed up" by a heavy reaction mass,
if much vibratory force is to be intro-
duced into a large test structure. When
the test article can be brought to the
shaker, as in an environmental testing
laboratory, this creates little diffi-
culty. But for portable operations,
where shakers are taken to large, fixed
structures, it is an extra complication.
Others: high pressure oil hoses tend to
be stiff and awkward, also cooling the
0il may be difficult.

Four or more laboratory electrohydraulic
shakers are often connected to large . o
loads such as trucks. Sometimes the T
shakers vibrate an intermediate platform LT
on which the load rests, as in simulat- ST :
ing transportation or earthquakes.
Generally the shakers vibrate horizon- -
tally or vertically, but they are some- [ ] ...‘
times set at an intermediate angle so
that the resulting motion has both
vertical and horizontal components. A
Sometimes vertical and horizontal- e
acting shakers simultaneously drive a
common load via hydrostatic spherical .
couplings.[15] -

Multiple shakers may be driven by a
common electronic signal source, if
coherence is desired, or by separate
signal sources.

One of today's most interesting shaker
applications is earthquake simulation,
requiring forces and motions over con-
tinuous spectra from perhaps 0.5 to

50 Hz, with greatest energy 6 to 10
Hz. [16 17 18]

Most mechanical and electromagnetic
shakers provide a "table" for attaching
the test load, either directly or via
some form of adapting fixture.[!®] How-
ever, electrohydraulic shakers usually
provide only a threaded shaft connection.
The user often combines a table with a
fixture to hold the test item, then
threads the combination onto the shaft.

The shaft can pass through the €floor or

wall of an environmental chamber so that
test items can receive several environ-

mental stresses simultaneously, with the
shaker outside.

ELECTROMAGNETIC SHAKERS These are also
called electrodynamic shakers, probably
because of their similarity to electro-
dynamic loudspeakers. Figure 5 identi-
fies some of the essential parts.
Magnetic flux passes through a cast
steel body and across a gap in which

is located the driver coil. Alternating
current at the vibration test forcing
frequency fg¢ flows in that coil, and the
developed force F is proportional to

TABLE c
DRIVER COWw

sy AR OQUT

OC FIELD COILS 8oD0Y

Figure 5. Electromagnetic shaker comstruction




current magnitude I. The magnetic flux
is generated by permanent magnets (in
the case of shakers with force F rating
to 100 pounds or 440 newtons) or by
direct current flowing in field coils,
as shown, in the case of larger shakers.
Current flow generates I?R losses, and
heated air is blown out as shown, or is
sucked out, either by a fan mounted on
the shaker or at the end of a duct.
Many shakers utilize flow of o0il or of
distilled water for heat removal.

Combined environment testing circa 1960
utilized liquid-cooled electromagnetic
shakers inside environmental test
chambers, so that test items could be
close-coupled to shaker tables (neces-
sary for testing to say 2 000 Hz).
However, most laboratories today keep
the shaker outside the chamber, and
connect to the test load through the
chamber wall or floor.[7 2¢]

Not shown in Figure 5 are the electrical
connections to the usual multi-turn
driver coil. These leads fail often.
This weakness has been eliminated in one
recent high-reliability design that
employs an aluminum sheet single turn
coil into which high AC currents are
induced by transformer action.

Also not shown in Figure 5 are provi-
sions for shielding test items against
stray magnetic fields, which may harm
the test item. The flexures that
constrain motion to a straight line
were also omitted.

As with electrohydraulic shakers, the
source of signal may be a sinusoidal
oscillator, tape playback or a random
noise generator or any combination of
these, depending upon the type of force
o. motion desired. However, consider-
ably more power amplification is
required, up to 150 kilowatts for the
larger shakers having force ratings

F over 30 000 pounds (133 000 newtons).
Today's solid-state power amplifiers
offer many advantages (over earlier
power-tube types), including greatly
increased reliability.

Electromagnetic shakers respond to any
frequency down to zero, but not all
power amplifiers will deliver power

at extremely low frequencies. The
high-frequency limit is usually some-
what below one of the table/coil
assembly's natural frequencies, which
should be avoided:

(1) table oil-canning or dia-
phragming, in which the
center of the table has
perhaps 50 times greater
motion than the edges, also

(2) axial resonance, in which the
table/coil assembly alter-
nately lengthens and shortens.

PNEUMATIC SHAKERS Air-driven vibrators!®'
offer an inexpensive and reliable ap-
proach to generating motions and forces,
if one is willing to forego demands for
pure sinusoidal motion, demands for
"flat" random spectra, demands for
reproducing magnetic tapes, etc. The
driving units are usually adapted from
the pneumatic vibrators employed by
industry to move bulk materials, to
release entrapped gasses from castings,
etc. Pistons alternately strike cyl-
inder ends, creating repetitive shock
impulses, and resulting in vibration
line spectra. Such motion and force
spectra simultaneously excite all the
response modes of electronic assemblies
being tested and thereby cause failures
among poorly-soldered ccnnections, cause
bits of wire, loose screws, etc. to
dance about and be identified.

With current interest in more realistic
reliability demonstration tests on
avionics units and missiles, several
USA laboratories are utilizing pneumatic
shakers. Van de Griff et al[?!]describe
one longitudinal and 8 radial (at
different missile locations) General
Dynamics/Pomona pneumatic shakers
delivering 6 to 14 g RMS vibration at
frequencies up to 5 000 Hz. Varying

the air pressure at about 7 Hz "smears"
the spectral lines so that internal
vibration responses have fairly contin-
uous spectra, with shapes approximating
the responses noted during flight tests.
The amplitude distribution is somewhat
Gaussian. The repetition rate is 30 to
120 impacts/second.

ACOUSTIC SOURCES All the shakers
described herein generate force mechani-
cally and couple it mechanically into
items being investigated or tested.

This is a reasonable approach at low
frequencies, where service vibration is
generated and transmitted mechanically.

However, particularly aboard high-
performance aircraft and missiles, the
vibration path is not exclusively
mechanical. Rather, air forms an im-
portant part of the transmission path.
It seems logical, then, for high-
frequency tests, to utilize intense
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sound (airborne vibration), rather
than shakers, in order to generate
vibratory responses of avionic and
missile internal parts.

Eldreézzlwrote about large scale USA
vibroacoustic facilities and why
acoustic tests are preferred. Murrayl?®!
described the design, construction,
instrumentation and usage of the large
Wyle chamber at Huntsville. Wren

et all?*]similarly described the NASA
facility at Houston. 1In a related
paper, Peverley(?’ldiscussed the
acoustic energy needed to conduct
vibration tests at NASA Houston.
pemas(2¢]told about the "launch phase
simulator" at NASA-Goddard, in which
temperature and altitude extremes,

along with vibration and noise, act on a
specimen being spun on a centrifuge.

Most vibroacoustic test facilities
employ high-velocity flow of vast
quantities of nitrogen gas or of air.
Flow is modulated by fast-acting valves,
either electromagnetically (similar to
Figure 5) or electrohydraulically (simi-
lar to Figure 4) driven. Valves are
generally activated by random noise
generators and suitable power ampli-
fiers, in order to create a flow
containing all desired test frequencies
in a continuous spectrum. Equalizers
permit shaping the spectrum as desired.
Slusser(27]described the JPL/Pasadena
facility, with particular emphasis on
its digital controls.

After passing through the valve, the gas
expands through a horn which opens into
the test chamber, in which the test
article is supported. Chamber dimensions
must be quite large in order to develop
high intensity at low audio test fre-
quencies. Large chambers unfortunately
require much acoustic power in order to
develop high acoustic pressures as speci-~
fied for many tests.

A simpler, less expensive approach util-
izes a complex of sirens (up to 35 of
them) to modulate air flow and to produce
up to 35 pure or narrow band tones, fixed

or sweeping. By sweeping these at differ-

ent rates, continuous-spectrum sound is
developed. Kolb and Magrath[?®ldiscussed
the 156 000 cubic foot chamber at Wright-
Patterson Air Force Base (WPAFB), which

features 1 000 000 watts acoustic power and

intensities to 170 db. 40000 hp is used
for the air compressor. Maurer{2?land
Van der Heyde[3?]described tests in the
WPAFB noise chamber.
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One of the goals of acoustic tests is to
excite high-frequency vibratory responses
of exceedingly small components in large
assemblies. Such tests are also very
useful for "burn in" tests of vast
numbers of unmounted components. Some
reliability specialists feel these

tests should be extended to lower fre-
quencies. The necessary large test
chambers are unfortunately very expen-
sive to build, but a few organizations
could cooperatively fill them with vast
numbers of components simultaneously
needing acoustic "burn in."

Most chambers are reverberant, with -
maximum reflections from internal sur-
faces, but with a design that maximizes
dispersion so as to minimize standing
waves. Some chambers are progressive
wave, rather than reverberant. Chamber
design (massive construction) and
external acoustic treatment minimize
sound leaks to personnel spaces outside
the chamber. Chambers are costly and
hard to relocate. Hancock et aql[3!]in
1975 surveyed USA acoustic tesiing
facilities.

Everett[s]describes current noise +
temperature extremes for tests on Navy
missile electronics sections. Laboratory
failure modes and MTBF's closely resem-
ble those found on similar missiles when
captive-carried by Navy aircraft.

CONCLUSIONS The principal purpose of
this paper is to review various methods
for inducing vibration failure modes.
Cost-effective methods are emphasized.
By this is meant:

(1) Laboratory vibration should induce
failure modes similar to those in-
duced by actual in-flight service.

(2) Laboratory MTBF's should approxi-
mate those observed in actual
in-flight service.

(3) Equipment costs, operation costs
and maintenance costs are reduced,
if possible. Modifying traditional
test methods and permitting novel
shaker types may permit such re-
ductions and yet may accomplish the
desired stimulation of vibration
failure modes.

The author recognizes that for some
applications laboratory vibration should
truly be random, with a continuous
spectrum equalized to a particular

shape (as, for example, in Method
514.2-1IV of MIL-STD-781C), with




tolerances on that shape held to +3
dB (or even closer), and, finally,
with Gaussian amplitude probability
density. But he feels that for long-
term reliability demonstration tests,
such sophistication is not required.

The military services should ease their
demands, and should encourage the devel-
opment of excitation methods that do the
necessary job (similar failure modes and
similar MTBF's). This goal may well be
reached via some form of mechanical or
pneumatic shaker, at quite low cost.
Such a goal is certainly worthwhile,
when one considers the tremendous cost
of hundreds of electrohydraulic and
electromagnetic shakers, acoustic
sources and chambers, driving ampli-
fiers, random equalizers, etc.
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SELF-TUNING RESONANT FIXTURES

R.T.

Fandrich

Harris Corporation
Electronic Systems Division

Melbourne,

Florida

Three methods of amplifying vibration over a broad frequency

band are described and evaluated.

Amplification by mechani-

cal resonance is used and the major problem discussed is the
means for tuning the resonant frequency to coincide with the

input or desired frequency.

Introduction

A test requirement to expose minia-
ture electronic components to high vib-
ration levels prompted this investiga-
tion of self-tuning resonant fixtures.
Various testing requirements (ranging
above 100 G's in the frequency range of
200 Hertz) are imposed on components and
many of these requirements can not be
met due to the lack of high-level vibra-
tion capability in the average test lab-
oratory.

Although many component shakers are
rated at 100 G's, this rating refers to
vibration of the shaker armature only,
so that when the weight of the test
item, holding fixture, bolts, and accel-
erometers is added, the maximum capabil-
ity is closer to 80 G's.

If these high level requirements
are to be met, it is clear that a means
of amplifying the vibration input is re-
quired. This laboratory has designed
and used resonant fixtures in the past,
but they have been used to develop very
high levels over a narrow frequency
range and have usually simulated some
actual mounting configuration which re-
sulted in this high level vibration in
the first place. For reljability test-
ing, a high level is required over a
wide frequency range. If an amplifica-
tion of 125% is required (representing
100 G's required divided by 80 G's
available), and a low damped resonant
fixture is used, this amplification or
greater can be obtained between 200 Hz
and 600 Hz, with a resonance occurring

A success criterion is establi-
shed and three methods compared.

at 447 Hz. These relationships are de-
rived from the equations for single de-
gree of freedom, undamped resonant sys-
tems as depicted in Figure I. The addi-
tion of small amounts of damping does
not significantly affect the conclusions
drawn from these equations. Three such
fixtures could cover the range from 200
to 2000 Hz; however, it would be more
convenient to use one fixture which is
capable of changing resonant frequency
to preclude moving the test item to
three different fixtures.

Resonant Fixtures

Three basic concepts were evaluated
with the major selection criterion being
ease of changing the resonant frequency.

The first concept considered was a
double-action pneumatic cylinder. The
piston, rod, and fixture are the reson-
ant mass, with the air on both sides of
the piston acting as springs. Changing
the air pressure changes the spring
force and thereby the resonant frequeng.

A second method is modeled after a
stringed musical instrument, with
strings supporting a fixture. The ten-
sion on the strings is adjusted to
change the resonant frequency.

A third method uses a steel dia-
phragm with air pressure on one side. A
change in air pressure changes the nat-
ural frequency by increasing the tension
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FIGURE I B
RESONANT FIXTURE CHARACTERISTICS Y 'gA;jJ
in the diaphragm, similar to the change changes. (See reference). - - h
resulting from tuning a Timpani by a8 e 4
stretching the drum head. A second method used increased the K
fixture resonant frequency whenever the
A method for correlating the shaker shaker head acceleration exceeded a pre- oo
input frequency with the fixture fre- sent limit. This method assumes that S
quency must be used to insure input am- first the fixture is capable of ampli- o i
plification. A mini-computer was pro- fying the present 1imit adequately to - R
grammed to establish a phase angle feed- obtain the desired level, and second, PO T
back loop. The phase angle on an un- tI]e input frequency is always above the 2 0 )
damped, single degree of freedom re- fixture resonant frequency, so an in- iy
sonant system passes through 900 at re- crease in resonant frequency results in T -
sonance, therefore the computer was pro- an increase in amplification, and there- e ]
grammed to change the air pressure or fore a decrease in shaker head acceler- S
string tension to maintain a 900 phase ation. T

lag between the input and the test item,
thereby retaining the fixture in reson-
ance as the shaker input frequency
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=Pp (Area x D (+6)) The pressure seal between the pis-

N rea x * ton and cylinder wall is a rubber o-ing.
', =p 1 When the piston moves up in response to
‘* n 1 vibration, the o-ring first deflects,
T 5 t?en, wnen s%ic:ion is overcome, slides
- . along the cylinder wall. This introduc-
. The displacement ratio (R) isé/D, and es a nonlinear force for each direction
- the ¢+ is determined by the direction of reversal, or twice per cycle. This non-
: motion of the piston. Assuming a down- linearity is a constant force not rela-
. ward & summing the upward and downward ted to the frequency but rather to the
- forces we get: distance the cylinder must move to over-
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Piston Fixture

The first resonant fixture to be
discussed utilizes an air cylinder con-
taining a piston. The cylinder is nor-
mally used to activate mechanisms. In
such cases, air is pumped to one side of
the piston to produce a movement toward
the other side. For this application,
the piston is the resonant mass and
equal air pressure is supplied to each
side of the piston. This air acts as a
spring, with the spring force dependent
on air pressure. A piston with piston
rods on both sides was used to insure
equal area and therefore equal force on
each side of the piston. A small mech-
anical spring was used to maintain the
piston at the center of its stroke under
zero load. A 5 cm diameter piston with
a 3 mm stroke was used. Figure II shows
a schematic and photograph of this con-
cept. In the photograph, an accelero-
meter will be seen attached to the pis-
ton rod.

For the piston fixture, a process
occurs inside the piston which produces
increased air pressure on the side as

the piston moves off the center position.

This increased pressure tends to restore
the piston to its original position,
thereby acting as a spring. Since the
opposite r.ocess results in reduced
pressure on the other side of the pis-
ton, and since no energy is being ex-
tracted from the system (other than an
insignificant amount of damping energy),
this process may be approximated as iso-
thermal. The Ideal Gas Law therefore
simplifies to: Pressure x Volume=Con-
stant. The upward force on the piston
(discounting any constant loads) is
Pressure x Area (P x A) on the bottom,
minus (P x A) on the top. The pressure
and the piston position, with the long-
term average pressure being the supply
pressure (Pp). Let delta ?6) represent
the displacement of the piston from its
neutral position. The pressure on one
side of thke piston is:

P=Pp (¥n)
v
(Subscript n refers to neutral position,

throw (D) is total possible motion of
piston €rom center position).

FORCE —»

§/D

FIGURE TII

FORCE VERSUS DISPLACEMENT
PISTON FIXTURE

Force (F)=zPressure x Area

PoA 1~ 1
1-R 1+R
=PpA 2R
1-R2

Plotting this relationship, we get Fig-
ure III. The response due to this
spring is not sinusoidal since the
spring rate is not linear. Additional-
1y, this nonlinearity will result in an
effective spring constant which is de-
pendent on deflection and; therefore,
the system resonant frequency is a func-
tion of displacement and thereby vibra-
tion amplitude. This dependence further
complicates the task of tuning the fix-
ture to the input frequency. The func-
tion approaches linearity at % 0; how-

ever, very high supply pressures would
be required to reach high natural fre-
quencies at small deflections.
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FIGURE Iv
RESPONSE OF PISTON FIXTURE

come the stiction. The nonlinear force
is added to the other forces acting on
the cylinder. The nonlinear contribu-
tion is more significant for small de-
flections than for large deflections,
since small oscillations result in op-
eration in the nonlinear zone. Since
higher frequencies result in smaller
deflections for a fixed peak accelera-
tion, this method is expected to pro-
duce cleaner data signals at lower fre-
quencies. This expectation is verified
by Figure IV, which shows the system re-
sponse when tuned to 260 Hz at ambient
pressure and 1000 Hz at maximum pres-
sure. The operational range of this de-
vice is 200 to 1300 Hz, that range which
results in greater than 125% amplifica-
tion, for a variation over the entire
pressure range.

Guitar Fixture

The second fixture to be discussed
uses the concept of a stringed musical
instrument to vary the resonant fre-
quency. The test fixture is suspended
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FIGURE VI
RESPONSE OF GUITAR FIXTURE

by strings and the tension in the
strings varied to change the system re-
sonant frequency. The strings used are
guitar strings and are installed at a
slight angle, as indicated in Figure V,
to keep the fixture centered and to eli
minate string slap in the oversized
holes. The distance between the two
bars at the ends of the strings can be
varied to change tension. Figure VI
shows the response of the fixture when
tuned to the minimum frequency of 200
Hz and the maximum frequency of 450 Hz.

FIGURE V
GUITAR FIXTURE
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The limited range of this fixture is its Summary .-» * ]
major disadvantage. If the active s 3
length of the string could be changed, a O0f the three fixtures evaluated, N
much greater range of frequency would the diaphragm fixture emerged as the 1
result. best candidate for vibration amplifica-

tion, due to its high amplifications and

: its wide frequency range. The intrinsic " g 4
) Diaphragm Fixture nonlinearities of the piston fixture » ®

make it an undesirable choice to consi- 1

The third fixture discussed con- der further. The limited frequency Sl e

sists of a steel diaphragm with air L T

pressure on one side, as indicated in
Figure VII. As the air pressure is in-

-~ creased, the diaphragm stretches and its 20
. resonant frequency increases. The test
i item is mounted on a platform at the

center of the diaphragm. This type of

mechanism is used on pressure tranduc- 10

ers and switches; the experiment was

performed with a pressure switch dia-

phragm rated at zero to 5.5 atmospheres

(gauge). The diaphragm was 5 cm in dia-
meter and was a section of a sphere.

‘ The photograph in Figure VII does not
show the diaphragm but only the outer
switch case. The usable range of this
fixture was 250 to 2000 Hz. The zero
pressure resonance occurred at 560 Hz
with a simulated test item of 500 grams.
An internal pressure of 5.1 atmospheres

A resulted in a 2000-Hz resonance. The

) amplification at resonance varied from 8

to 140 with a 1 G sinusoidal input. 1

These high amplifications result in low

required inputs. They also result in

very low signal distortion at resonance;

. therefore, this fixture produced the

cleanest sinusoids. i
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Figure VIII shows the response og 100 500 1000 2000
- the fixture when tuned to 560 Hz, 100
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range of the guitar fixture is its major
disadvantage. However, a modification
of this concept which would allow ad-
justment of the effective string length
would overcome this drawback.

Figure IX shows the amplifications
of the three fixtures compared and dew-
onstrates the superiority of the dia-
phragm concept and the inability of the
other fixtures to perform over the de-
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sired range.

Based on these conclusions, the dia
phragm fixture was loaded with a 500-
gram test item and the test item accel-
eration controlled at a constant level
(limited by displacement at low frequen-
cies) to establish the fixture perfor-
mance. Figure X shows the vibration
level of the test item, along with the
vibration level of the shaker head re
quired to produce this level on the test
item, The goal of maintaining levels
below 80 G's on the shaker is met above
270 Hz. Since this fixture could not be
tuned below 560 Hz, adequate amplifica-
tion was not available between 170 Hz
and 270 Hz. Selection of a low frequen-
cy diaphragm would alleviate this pro-
blem.
Reference: D. Cerasuolo, J. Chin
Description of a Shock and Vibration
Displacement Amplifier

Shock and Vibration
Bulletin, 41, 1970




DISCUSSION

- Mr. Curtis (Hughes Aircraft Co.): Have you

contemplated trying to broaden the resonance
by introducing damping into your diaphragm,
for example, cut down the Q a little bit and
not have to control so narrow a bandwidth?

Mr. Fandrich: 1 didn't consider that. I think
adding damping increases the amplification

but after the amplification is below a 1/1
rate; although adding damping would probably
increase the controlability of the system, I
don't think it would make a fixed frequency
resonant fixture cover a wider bandwidth.

. Mr. Dillon (Jet Propulsion Laboratory):

» Regarding the first system, have you tried to

. conclude something about what you've done so

. far? Does the system look like it is a sound
approach?

Mr, Fandrich: The first system did not look
. . like a sound approach in the way it was
) configured. 1 want to take the seals off
and see if I can get rid of the noise that
the rubbing of the seals generate. We may
lose a lot of air through it but I don't think
R it will matter. I think by taking the seals
- off this system, and perhaps trying to get an
air bearing effect where the pistons penetrate
the cylinder, I may be able to get rid of the
. noise and non-linearities produced by the seals
., and then have a 